Rapid and accurate identification of enterococci at the species level is an essential task in clinical microbiology since these organisms have emerged as one of the leading causes of nosocomial infections worldwide. Vibrational spectroscopic techniques (infrared [IR] and Raman) could provide potential alternatives to conventional typing methods, because they are fast, easy to perform, and economical. We present a comparative study using phenotypic, genotypic, and vibrational spectroscopic techniques for typing a collection of 18 Enterococcus strains comprising six different species. Classification of the bacteria by Fourier transform (FT)-IR spectroscopy in combination with hierarchical cluster analysis revealed discrepancies for certain strains when compared with results obtained from automated phenotypic systems, such as API and MicroScan. Further diagnostic evaluation using genotypic methods-i.e., PCR of the species-specific ligase and glycopeptide resistance genes, which is limited to the identification of only four Enterococcus species and 16S RNA sequencing, the "gold standard" for identification of enterococci-confirmed the results obtained by the FT-IR classification. These results were later reproduced by three different laboratories, using confocal Raman microspectroscopy, FT-IR attenuated total reflectance spectroscopy, and FT-IR microspectroscopy, demonstrating the discriminative capacity and the reproducibility of the technique. It is concluded that vibrational spectroscopic techniques have great potential as routine methods in clinical microbiology.
Enterococci are opportunistic human pathogens. The two most important species, E. faecalis and E. faecium, which are considered part of the normal intestinal flora, are among the leading causes of nosocomial infections and may cause severe infections, including endocarditis and septicemia (16) . These infections are often difficult to treat due to the increased antibiotic resistance associated with this organism (4, 27, 29) . The recent increase of vancomycin-resistant E. faecium (VRE) strains in clinical isolates is especially a cause of serious concern, because this glycopeptide-type antibiotic often remains the last treatment available in life-threatening infections (31) . The situation is further complicated by the fact that enterococci have developed a number of mechanisms for the transfer of resistance genes (1) . Therefore perhaps the greatest threat posed by VRE comes not from these organisms themselves but from the potential that they could transfer their resistance genes to other more pathogenic gram-positive bacteria, thus creating a highly dangerous pathogen difficult to treat with currently available antibiotics (15) . Furthermore, recent studies have revealed that the incidence of more unusual species such as E. durans, E. hirae, E. gallinarum and E. casseliflavus has increased significantly in clinically isolated enterococci (32) . Overall, this has resulted in an increased need for rapid and accurate identification of enterococci at the species and subspecies level as a means of effectively assisting infection control and epidemiological studies.
For most clinical microbiological laboratories, the primary method of identifying Enterococcus strains relies on phenotypic characterization. However, various studies have shown that an unequivocal species identification of enterococci by phenotypic means is a challenging procedure that can take several days to accomplish because of the phenotypic and biochemical similarities between many enterococci (5) . In addition, the automated systems currently in use often fail to accurately identify rare species (3, 6, 11, 23, 26) . Molecular genetic techniques, such as randomly amplified polymorphic DNA analysis, intergenic ribosomal PCR, or other PCR-based methods targeting various genes, have been successfully used to identify enterococci at the species level (6, 12, 13, 21, 22, 28) . Although these techniques are specific and sensitive, it is difficult to adapt them for use in routine laboratories due to their high costs and the requirement for highly skilled personnel. Infection control and epidemiological studies primarily require rapid and simple means of identifying and typing clinical isolates. As a consequence, a variety of approaches have been developed. The application of vibrational spectroscopic techniques (Fourier transform-infrared [FT-IR] and near-IR Raman spectrosco-pies) is such an approach which may provide a potential alternative to conventional methods. These techniques are rapid because little biomass is needed, significantly reducing culturing time. Vibrational spectroscopies are also easy to use and may become very cost-effective, because they enable considerable reduction in sample handling and use of reagents and do not require highly skilled personnel. These methods allow the discrimination of intact microbial cells without their destruction and produce complex biochemical fingerprint-like spectra which are reproducible and distinct for different microorganisms. IR and Raman spectroscopy measure molecular vibrations on the basis of the absorption (IR) or scattering (Raman) of IR or near-IR radiation interacting with a sample. The observed microbial IR or Raman spectra are a complex composition of many different vibrational modes of all the cell components, i.e., DNA, RNA, proteins, and membrane and cell wall components. The applicability of FT-IR spectroscopy in the field of microbiology has already been persuasively demonstrated (2, 8-10, 17-19, 25) . Various studies have shown that vibrational spectroscopy provides sufficient resolution power to distinguish microbial cells at different taxonomic levels, even at the strain level (10) . Raman spectroscopy of microorganisms is a relatively new and promising approach, since recent studies revealed that it is possible to discriminate among various microorganisms at the species level based on Raman spectra of 6-h-old microcolonies (14) . The two vibrational spectroscopic techniques provide complementary information. The combined use of IR and Raman spectroscopy could therefore offer a more complete approach for analyzing intact bacterial cells.
The purpose of this study was to evaluate the discriminatory power of vibrational spectroscopic techniques for accurately typing enterococci at the species level in direct comparison with phenotypic and genotypic methods.
MATERIALS AND METHODS
Strains and growth conditions. A collection of 18 Enterococcus strains were used in this study. Strains were either food isolates, clinical isolates, or from the collection of the Pasteur Institute (CIP, Paris, France) as summarized in Table  1 . The strains were stored in cryovials containing a cryopreservative (MICRO-BANK [Mast Diagnostica, Reinfeld, Germany]) at Ϫ70°C until use. Strains were streaked onto agar plates using a three-quadrant streak pattern. All strains were subcultured on casein peptone-soy meal peptone (CASO) agar plates (Merck, Darmstadt, Germany) for 24 h. The growth temperature was 37 Ϯ 2°C.
Sample preparation. For the IR absorbance measurements, bacterial cells from 24-h-old cultures were harvested and prepared as described earlier (9, 10, 17) . Briefly, small amounts of late-exponential-phase cells (ϳ10 to 60 g [dry weight]) were carefully removed with a platinum loop from regions of confluent colony growth in the third quadrant of the culture plate and suspended in 80 l of distilled water. An aliquot (35 l) of the suspension was transferred to a ZnSe optical plate in a multisampling cuvette and dried in a desiccator over a drying agent (P 4 O 10 [Sicapent]; Merck) with the application of a moderate vaccum (2.5 to 7.5 kPa) to form a transparent film suitable for FT-IR measurements. Prior to spectral measurements, the sample holder was sealed with a KBr cover plate to control the humidity and to prevent the instrument from contamination.
For Raman studies, a loopful of biomass from 24-h cultures was transferred onto CaF 2 substrate. From each strain, duplicate smears were made. The smears on CaF 2 substrate were dried in a desiccator over drying beads for at least 15 min, prior to Raman measurements.
For the IR attenuated total reflectance (ATR) measurements, cells from 18-h-old cultures were carefully harvested from the solid agar plate and homogeneously spread over the whole ATR crystal surface. The substrate used for ATR measurements was a ZnSe crystal (50 by 10 by 1.5 mm; Specac, Orpington, United Kingdom) with a refractive index of 2.4 and an incidence angle of 45°, yielding a total of six internal reflections at the sample.
For the IR microspectroscopic studies, the bacterial cultures were incubated for 8 to 10 h and produced colonies of approximately 100 to 250 m in diameter. The microcolonies were transferred manually from the agar plate to an IRtransparent ZnSe optical plate by gently pressing the plate onto the agar surface. Imprints were allowed to air dry prior to spectral measurement. Spectra were acquired from the dried microcolony imprints on this substrate.
Recording of spectra and data evaluation. (i) FT-IR spectroscopy. Spectra were recorded in the region between 500 and 4,000 cm Ϫ1 on an IFS 28/B spectrometer (Bruker Optics, Karlsruhe, Germany) specially designed for the measurement of microorganisms and equipped with a deuterated triglycerine sulfate detector. For each FT-IR spectrum, 64 scans were coadded and averaged. Fourier transformation was done using a Blackmann-Harris 3-term apodization function and a zerofilling factor of 4, to give a nominal resolution of 6 cm
Ϫ1
. The spectrometer was continuously purged by dry air to reduce contributions from water vapor and CO 2 .
Evaluation of IR spectral data (calculation of derivatives, normalization, etc.) was performed using OPUS software (version 3.0; Bruker). First and second derivatives of the original IR spectra were calculated using a 9-point SavitzkyGolay filter to enhance the resolution of superimposed bands and to minimize problems from unavoidable baseline shifts. Multivariate statistical analysis was carried out using the cluster analysis module of OPUS (version 3.0). To compare spectra of the six different species, cluster analyses using the first derivatives of the original spectra as input were carried out for different wave number regions. Spectral distances, providing a measure of the similarity of the spectra, calculated from Pearson's correlation coefficient and Ward's algorithm, were used for hierarchical clustering analysis.
(ii) Raman spectroscopy. Raman measurements were performed as described earlier (14), using a confocal Raman microspectrometer. Briefly, bacterial smears were placed under a microscope objective and excited with 100 mW of laser power (830 nm). At random locations in each smear, 10 spectra, each with a 30-s signal integration time, were collected. The 10 spectra thus obtained were averaged before being used in further analysis.
Evaluation of Raman spectra was accomplished as already described for the IR data. First-derivative spectra consisting of the spectral region 400 to 1,800 cm Ϫ1 were used. Cluster analysis was also performed, considering four spectral regions (400 to 980, 1,020 to 1,140, 1,190 to 1,500 and 1,550 to 1,800 cm Ϫ1 ) in order to exclude the intensive spectral features that are caused by the carotenoids of the pigmented E. casseliflavus strain 16 and E. hirae strain 6.
(iii) FT-IR attenuated total reflectance (ATR) spectroscopy. Spectra were recorded using a Bomem Mb-100 (Vannier, Quebec, Canada) FT-IR spectrometer equipped with a KBr beam splitter and a DTGS detector. One-hundred interferograms were averaged per spectrum, at a resolution of 4 cm
. For each strain, 10 spectra were recorded and averaged.
(iv) FT-IR microspectrometry. FT-IR absorption spectra were collected using a UMA 500 IR microscope coupled to an FTS-40A spectrometer (Spectroscopy Division, Bio-Rad Cambridge, Mass.) equipped with a mercury cadmium tellu- ride narrow-band detector. A microscope diaphragm size of 80 by 80 m was used for spectral data acquisition. Measurements were performed in transmission mode using the following parameters: 4-cm Ϫ1 resolution, 5-kHz scan speed, 32 to 64 scans of coaddition, triangular apodization, and spectral range of 800 to 4,000 cm Ϫ1 . No baseline correction or smoothing was applied to the data. First-derivative spectra were subjected to cluster analysis using Matlab's Statistics Toolbox (The Math Works, Inc., Natick, Mass.) employing Ward's algorithm and Euclidean distance measure.
Phenotypic and genotypic methods. (i) Phenotypic method: API and MICRO-SCAN. Phenotypic identification of all strains was performed using the automated API (bioMérieux, Marcy I'Etoile, France) and the MicroScan (Dade International, MicroScan Inc., West Sacramento, Calif.) systems.
(ii) Genotypic methods. (a) PCR. PCR analyses of species-specific ligase genes (ddl) and related glycopeptide enzymes were performed according to the method of Dukta-Malen et al. (7) for all Enterococcus strains investigated in this study.
(b) 16S RNA sequencing. 16S RNA sequencing was performed for the five equivocally typed strains, i.e., strains 2, 3, 6, 8, and 17, as well as for strains 10, 15, and 19. 16S RNA sequencing was performed using the MicroSeq 500 sequencing kit (Perkin-Elmer). The sequence data were analyzed with a Genetic ABI PRISM 310 sequencer (Perkin-Elmer).
RESULTS AND DISCUSSION
Phenotypic identification by the API test system. Conventional identification was performed for all 18 strains used for vibrational spectroscopic analyses. Of the 18 isolates studied, five were identified as E. faecium (strains 1, 5, 12, 15, and 19) and six were identified as E. faecalis (strains 4, 9, 10, 11, 13, and 18). Three isolates were identified as E. hirae (strains 2, 3, and 17), and two were identified as E. durans (strains 6 and 8). Of the remaining two isolates one was identified as E. gallinarum (strain 14) and one was identified as E. casseliflavus (strain 16) ( Table 1) .
Comparison between phenotypic identification and FT-IR analysis. Seven repetitive measurements over a period of 6 months from independent sample preparations of all strains were performed, resulting in 126 spectra. The repetitive measurements, performed to judge the reproducibility of the IR technique, yielded strain-specific subclusters (data not shown for brevity), indicating that this method is highly reproducible and specific at the strain level. A representative data set consisting of three repetitive measurements including all strains was subjected to multivariate statistical analysis to explore the discriminative potential of the spectral information for this taxonomic task. Typical first-derivative IR spectra of the six different species plotted for the spectral ranges used to calculate spectral distances are displayed in Fig. 1 . This figure reveals the spectral differences responsible for the separation of the six Enterococcus species, which, however, are not yet interpretable in terms of biochemical and/or chemical structures. Hierarchical clustering based on spectral information contained in three different spectral ranges-1,200 to 900 cm Ϫ1 , the polysaccharide region; 900 to 700 cm Ϫ1 , the fingerprint region; and 1,500 to 1,200 cm Ϫ1 , the mixed region-was used as a classification method, resulting in the dendrogram displayed in Fig. 2 . A clear discrimination could be observed and 6 distinct clusters were produced. However, the grouping of some strains was in contradiction to the routine phenotypic Ϫ1 (the mixed region), a spectral region containing information from proteins, fatty acids, and phosphate-carrying compounds; W 4 , the window between 1,200 and 900 cm Ϫ1 (the polysaccharide region), a spectral region dominated by the fingerprint-like absorption bands of the carbohydrates present within the cell wall; W 5 , the window between 900 and 700 cm Ϫ1 (the true fingerprint region), showing some remarkably specific spectral patterns, which are as yet unassigned to cellular components or to functional groups.
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CLASSIFICATION AND IDENTIFICATION OF ENTEROCOCCIclassification. Most noticeable is the separation between the two major enterococcal species into two clusters, with all but one E. faecium strain (strain 15) in one group and all E. faecalis strains (strains 4, 9, 10, 11, 13, and 18) in the other group. Upon closer inspection the inconsistencies with the phenotypic identification become apparent. The dendrogram suggests a close relatedness between strains 2 and 6 and also between strains 3 and 8, which is in contradiction to the phenotypebased identification results. Accordingly, the findings indicate either that the FT-IR classification is not useful for the differentiation of enterococci or that the four strains have not been typed accurately by the conventional methods. Further discrepancies between FT-IR and conventional methods were also observed for strain 17, which was typed as E. hirae by the API method but clustered together with E. gallinarum (strain 14) in the FT-IR analysis. From these findings we hypothesized that the identification of rare Enterococcus species by conventional identification systems like the API system might not be reliable, as described before (11, 27) . In fact, studies evaluating the commonly used commercially available bacterial identification systems have repeatedly encountered problems associated with enterococcal species identification (23, 27) . Error rates for enterococcal species identification of 2 to 21% for E. faecalis, 5 to 9% for E. faecium, and 14 to 79% for other species have been found for these systems (32) . To give an example, Singer and coworkers reported a high percentage of misidentifications for the analysis of isolates from a VRE outbreak in a hospital after the introduction of an automated identification system software update (Vitek gram-positive identification card) (24) . He concluded from the study that "automated microbial analysis is a potential source of error that is not easily recognized" (24) .
FIG. 2. Classification scheme based on the FT-IR spectra of six different
Enterococcus species. Cluster analysis of three repetitive measurements was performed using the first derivatives of the spectra, considering the spectral ranges from 1,200 to 900, 900 to 700, and 1,500 to 1,200 cm
Ϫ1
. All spectral ranges were equally weighted. Ward's algorithm was applied. The strains marked with an asterisk were not in accordance with the phenotypic identification by the API system. Shading highlights the identity of certain strains by the API system. Species identification by Microscan, PCR, and 16S RNA sequencing. To clarify the discrepancy between FT-IR spectroscopic and phenotypic classifications, further diagnostic evaluation, using another phenotype-based automated test (namely, MicroScan) and a species-specific PCR approach, were undertaken for all 18 strains. Only the identification results of the five equivocally typed strains (strains 2, 3, 6, 8, and 17) are summarized in Table 2 . All the other strains yielded uniform identification results by the various methods used. As for the first automated test system (API), the MicroScan system also failed in identifying these obviously rare species unequivocally. All the analyzed strains were identified as E. durans, producing results in contradiction to both the API and the FT-IR classification. Subsequently, PCR analyses of the species-specific genes coding for the D-alanine:D-alanine (DAla:D-Ala) ligases and related glycopeptide resistance enzymes was performed for all 18 strains. This technique, although reliable, identifies only four species, i.e., E. faecium, E. faecalis, E. gallinarum, and E. casseliflavus, leaving the other Enterococcus species unidentified (7). Therefore, only 14 of the 18 strains investigated could be identified. The analysis produced an outcome in good agreement with the FT-IR classification results. Particularly interesting is the identification of one of the five equivocally typed strains (strain 17) as E. gallinarum by the PCR approach in accordance with the FT-IR analysis (strain 17 is grouped in one cluster with strain 14, an E. gallinarum species) (Fig. 2) .
For the five Enterococcus species whose phenotypic and genotypic identification differed from the FT-IR identification, 16S RNA sequencing was performed to assess the accuracy of all methods involved. The 16S RNA sequencing is considered to be the "gold standard" for microbial identification. It is particularly encouraging that of the results of all methods used in this study only the FT-IR result was in accordance with the identification by the gold standard (Table 1) . Specifically, 16S RNA sequencing identified strains 2 and 6 as E. hirae and strains 3 and 8 as E. durans, providing strong support for the FT-IR classification, which yielded two distinct clusters for these species. Furthermore, strain 17, originally classified as E. hirae, was determined to be E. gallinarum, again confirming the FT-IR analysis and the PCR result. Therefore, these findings demonstrate the superior discrimination ability of the FT-IR technique on the one hand and on the other hand demonstrate the weakness of the API and the MicroScan systems. Classification by Raman spectroscopy. The classification results shown in Fig. 2 could be reproduced by three other laboratories using confocal near-IR-Raman microspectroscopy, FT-IR ATR spectroscopy, and FT-IR microspectroscopy. Raman spectroscopy produced correct species differentiation for all but one strain (E. hirae strain 6) when the analysis was performed considering the whole spectral range from 400 to 1,800 cm Ϫ1 (data not shown). Interestingly, this Raman dendrogram suggested, in contrast to the FT-IR dendrogram, that the E. casseliflavus strain shows only little similarity to the other strains. This finding can be attributed to additional peaks that occur at 1,005, 1,160, and 1,529 cm Ϫ1 in the Raman spectrum of the strain as shown in Fig. 3 . Specific bacterial constituents such as pigments give rise to these additional Raman signals, which gain considerable intensity due to a preresonance effect. According to the diagnostic bands near 1,160 cm Ϫ1 [(COC)] and 1,529 cm Ϫ1 [(CAC)] (, stretching vibrations), the yellow-to-orange pigment compound of E. cas- FIG. 4 . Classification scheme based on the Raman spectra of six different Enterococcus species. Cluster analysis of four repetitive measurements was performed using the first derivatives of the spectra, considering the spectral ranges from 400 to 980, 1,020 to 1,140, 1,190 to 1500, and 1,500 to 1,800 cm
, with the aim of excluding the spectral features that are caused by the carotenoid pigmentation of E. casseliflavus strain 16 and E. hirae strain 6. All spectral ranges were equally weighted. Ward's algorithm was applied.
seliflavus strain 16 can be assigned to a carotenoid structure (30) . Upon closer spectral inspection, the different clustering of E. hirae strain 6 by the Raman approach could be ascribed to the fact that this strain expresses low levels of carotenoid as well. On the basis of these findings we performed a cluster analysis of the Raman spectra, excluding the carotenoid-specific regions. This could be achieved by using the spectral information encoded in four spectral regions (400 to 980, 1020 to 1140, 1190 to 1500, and 1550 to 1800 cm Ϫ1 ) as input data. The dendrogram (Fig. 4) obtained on the basis of this wavelength selection is comparable to the FT-IR dendrogram. It was also very encouraging that replicate cultures of all strains turned out to be in strain-specific subclusters, illustrating the excellent reproducibility and strain specificity of the Raman technique, as was found with the IR measurements.
However, both spectroscopic techniques did not clearly classify all five E. faecium species. A closer inspection of the E. faecium species group (20) shown in Fig. 2 demonstrates that the E. faecium strains cluster in two groups consisting of all but one strain (strain 15) for the IR data. This strain seems to be more closely related to the E. hirae strains (strains 2 and 6) than to the other E. faecium strains. Similarly for the clustering of the Raman data, again the E. faecium strains cluster into two groups; however, in this case, it is strain 19 that clusters apart. To further investigate the findings, isolates 15 and 19 were retyped by 16S RNA sequencing. The sequencing revealed high sequence identities for E. faecium, E. hirae, and E. durans, indicating a high relatedness within this group.
In conclusion we have shown the potential usefulness of vibrational spectroscopic techniques in the differentiation of enterococci from various sources, including isolates from food, patient material, and strain collections. The results of our study reflect the high discriminatory power of the IR and the Raman technique that allows accurate differentiation of closely related bacterial species such as enterococci. Comparison of FT-IR and Raman clustering showed that there was considerable consistency between both methods, since very similar classification schemes were obtained. This is most encouraging considering that IR and Raman methods "see" the total cell composition and structure on the basis of different molecular vibrational modes. In addition, both spectroscopic techniques proved to be capable of discriminating accurately at the strain level, which opens the door for using these physicochemical techniques as tools for epidemiological studies. In comparison to conventional automated identification systems which have been confirmed to be reliable only for the more common clinical isolates such as E. faecalis and E. faecium, the FT-IR and Raman methods proved to be also applicable for less frequently encountered Enterococcus species, for instance E. hirae and E. durans. Moreover, our study indicates that vibrational spectroscopic techniques might not only be superior to conventional phenotypic methods but also are more broadly applicable than genotypic identification by means of one or even a few very specific PCR analyses which are limited to the identification of only four Enterococcus species. Finally, the species differentiation based on the spectroscopic data is consistent only with the analysis results obtained by the 16S RNA sequencing. Though regarded as the gold standard, 16S RNA sequencing is not appropriate for routine analysis, due to its complexity and high costs. Because of this vibrational spectroscopy is not only advantageous as a tool for taxonomic studies but also proves to be very rapid and reliable as a potential routine classification method.
